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ABSTRACT
Millihertz quasi-periodic oscillations (mHz QPOs) observed in neutron-star low-mass X-ray
binaries (NS LMXBs) are generally explained as marginally stable thermonuclear burning on
the neutron star surface.We report the discovery ofmHzQPOs in anXMM-Newton observation
of the transient 1RXS J180408.9−342058, during a regular bursting phase of its 2015 outburst.
We found significant periodic signals in the March observation, with frequencies in the range
5–8mHz, superimposed on a strong ∼ 1/ f power-law noise continuum. Neither the QPO
signals nor the power-law noise were present during the April observation, which exhibited
a 2.5× higher luminosity and had correspondingly more frequent bursts. When present, the
QPO signal power decreases during bursts and disappears afterwards, similar to the behaviour
in other sources. 1RXS J180408.9−342058 is the eighth source known to date that exhibits
such QPOs driven by thermonuclear burning. We examine the range of properties of the QPO
signals in different sources.Whereas the observed oscillation profile is similar to that predicted
by numerical models, the amplitudes are significantly higher, challenging their explanation as
originating from marginally stable burning.
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1 INTRODUCTION
Type I X-ray bursts are thermonuclear-powered flashes on the
surface of neutron stars in low mass X-ray binaries. These ener-
getic outbursts are triggered by a thermonuclear runaway process.
Through Rocbe-Lobe overflow, material accretes from the donor
onto the neutron star and is then compressed and heated under
strong (∼ 1014 g cm−2) gravity. Upon reaching the ignition condi-
tion, thermonuclear runaway is triggered, usually by the triple−α
reaction, and the αp process operates to burn helium up to the iron
group. Followed by the rp process (rapid proton capture process),
hydrogen is burnt close to the proton drip line to produce heavier
elements and release additional energy. The bursts typically reach
about 1038 erg s−1, and last for some ten to a hundred seconds, de-
pending mainly on their hydrogen and helium mass fractions (see
Strohmayer & Bildsten 2003 and Galloway & Keek 2017 for re-
views).
? E-mail: kaho.tse@monash.edu
Revnivtsev et al. (2001) first discovered ≈ 8 mHz quasi-
periodic oscillations in the sources 4U 1636−536, 4U 1608−52
as well as Aql X-1, and suggested that the signals may originate
from a mode of nuclear burning on the neutron star surface. Heger
et al. (2007) later found a particular burning regime showing an
oscillatory behaviour at an accretion rate of 0.925 ÛMEdd, whereÛMEdd = 1.75×10−8×1.7/(X+1)Myr−1 is the Eddington-limited
rate with the hydrogen mass fraction X , in their simulations using
the 1D stellar hydrodynamics code Kepler (Weaver et al. 1978;
Woosley et al. 2004). They interpreted this oscillation, which takes
place within a narrow range of accretion rates, as the transitional
phase between stable and unstable nuclear burning, as also pre-
dicted by one zone models (e.g., Paczynski 1983). In this regime,
the thermonuclear generation rate is comparable to the cooling rate,
which leads to this oscillatory behaviour. The oscillation period,
P ' √ttherm tacc, where ttherm and tacc represent the time for gas
to cool (thermal) and for replenishing fuel (accretion) respectively.
This period found in the Heger et al. (2007) simulations is consistent
with the reported range of frequencies of mHz QPOs.
© 2020 The Authors
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Figure 1. The 0.7–10 keV, 1 s bin size light curves of 1RXS J180408.9−342058 from the two XMM-Newton observations on 2015 March 6 and 2015 April
1, respectively. The thermonuclear bursts are evident as the brief increases of the count rate above the persistent level. The burst rate and persistent count
rate increase by about two times in the second observation period (bottom panel). Significant periodic signals appear in the labeled segments from the first
observation, whereas no periodicity was detected in the second observation.
mHz QPOs have been detected in several other sources
(Strohmayer & Smith 2011; Linares et al. 2012; Strohmayer et al.
2018; Mancuso et al. 2019), that are evidently related to the ther-
monuclear burning on the neutron star surface, as Type I X-ray
bursts are also present in the observations. Although there are dis-
crepancies between the observations and theory, for instance the
disagreement in the accretion rate for the oscillations to exist, addi-
tional samples could enhance our understanding of the marginally
stable burning or even put constraints on NS parameters, such as its
equation of state (Stiele et al. 2016).
1RXS J180408.9−342058 (l = 357.30◦ , b = −6.13◦) was
identified as a transient X-ray binary in 2012 when a Type I X-ray
burst from the source was detected by INTEGRAL. It is classified as
an "atoll" source, which traces out that pattern in its colour-colour
diagram (Muno et al. 2002). The source is located at a distance
thought to be at most 5.8 kpc by assuming the Eddington luminos-
ity limit = 3.8×1038 erg s−1 for a helium-rich burst (Chenevez et al.
2012). Baglio et al. (2016) initially suggested that this source is an
ultra compact X-ray binary with a helium white dwarf companion,
based on their estimation of the orbital period of this binary system,
and the optical spectrum. The hydrogen rich bursts observed byNuS-
TAR in 2015 (Marino et al. 2019), however, suggest that the source
accretes mixed H/He fuel rather than pure helium. The nature of this
binary system is therefore needed to be further justified. The atoll
source was in a hard spectral state during an XMM-Newton obser-
vation in March (Stiele et al. 2016), and showed similar variability
characteristics to the “extreme island” state in its power density
spectrum (Wijnands et al. 2017). Nearly a month later, the source,
with slightly higher accretion rate, was identified being in the island
state during the second XMM-Newton observation.
In this paper, we report timing analysis of XMM-Newton data
from 1RXS J180408.9−342058. We report the detection of signifi-
cant periodic signals with frequency in the range ∼ 5 to 8mHz from
the source, that we attribute to the marginally stable thermonuclear
burning.We computed dynamical power spectra to show the drift of
the oscillation frequencies, and explored how oscillation amplitude
depends on energy. We compared the QPO profile from this work
with a simulation result from Heger et al. (2007). Finally, we dis-
cuss the possible reasons for the discrepancies between the observed
mHz QPOs properties with those of numerical models.
2 OBSERVATIONS AND ANALYSIS
The transient X-ray binary 1RXS J180408.9−342058 was found in
outburst by Swift/BAT on 2015 January 22 (MJD 57045; Krimm
et al. 2015) and remained active until 2015 April 3 (Degenaar et al.
2015). XMM-Newton made two follow-up observations during this
period. The observations on 2015 March 6 (Obs. ID: 0741620101)
and 2015 April 1 (Obs. ID: 0741620201) each have 57,000 s on-
time, from which we report our analysis in this paper. We used data
taken from the timing mode of EPIC/pn (Strüder et al. 2001) and
added the barycenter correction for all events by applying the task
barycorrwith the ScienceAnalysis System (SAS) version18.0.0.
We followed the standard filtering of events for EPIC/pn, selecting
single and double events. We modelled a Gaussian function to the
distribution of photons over the CCD and included the photons
within 3σ as coming from the source, which accordingly covers
the CCD columns 19 ≤ RAWX ≤ 61 and 27 ≤ RAWX ≤ 52 for
the first and the second observations, respectively. A RAWX ≤ 15
for the background applied for both observations. We produced
two background-subtracted light curves with 1 s bin size and 0.7 to
10 keV energy range.
We used the Fourier Transform from the software package
stingray (Huppenkothen et al. 2019) to search for any periodic
signals in every segment without bursts. The power spectra were
normalized following Leahy et al. (1983) for which the Poisson
noise level is expected to be equal to 2 on average.
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Figure 2. Two Fourier power spectra from the first and second 4,000 s
intervals indicated with numbers in Figure 1. The dashed and dotted lines
show the fitted red noise continuum, and 99% confidence level based on the
null hypothesis under the red noise background respectively. Strong peaks
between 6–8mHz appear on both spectra.
In order to explore the possible frequency drift of the QPOs, we
applied Lomb-Scargle periodograms (Lomb 1976; Scargle 1982),
with 2,000 s sliding windows and 20 s for each forwarding step, to
compute dynamical power spectra for all the burst-free segments.
We searched the range 5 to 9mHz and adopted the normalization
from Press et al. (2007) for the power spectra.
3 RESULTS
The resulting light curves from the both observations show regular
Type I X-ray bursts (Figure 1). The burst rate in the second obser-
vation period is about twice as high as during the first period, and
shows an enhanced persistent luminosity. All bursts have a duration
of ∼ 150 s, suggesting that they have a hydrogen-rich composition
during burst. We identified candidate signals in two intervals, as in-
dicated in Figure 1, labeled 1 and 2. They show strong peaks in their
power spectra at frequencies of ≈ 6.5 and 7.8mHz respectively,
but rather contaminated by red noise. To determine the significance
of these signals, we re-computed the power spectra for these two
intervals, eachwith a 4,000 s continuous interval. Following the pro-
cedure from Vaughan (2005) to test for the presence of periodicity
with limited observational data against a red noise background, we
first fit the two periodograms with a power-law model Pi = A f −αi
with least squares regression to estimate the red noise continuum
in the power spectra. The frequency range of interest, 4 to 10mHz,
was ignored for the fit, such that the model is independent of the
signals in this range of frequency. The resulting exponents, α, are
0.82 ± 0.06 and 0.78 ± 0.06 for the first and second intervals, re-
spectively. For a given modeled noise power Li , we determined a
99% confidence level based on the fact that the ratio of twice the
signal power to the noise power, 2Pi/Li , is distributed as a χ22 nature
over the periodograms as well as taking the number of trials into
account. Both of the peaks we detected exceed the 99% confidence
level (Figure 2). We did not detect any periodic signals from the
second observation where the 95% confidence upper limit on the
fractional RMS amplitude in the range 4 to 10mHz is < 0.62%.
The dynamical power spectra of the six burst-free segments
from the first observation show that the oscillations are time-
dependent in both frequency and amplitude (Figure 3). Other panels
also show high power signals in the periodgrams, but these are rather
sporadic and only last for brief times. To further investigated how the
mHz QPOs correlate to the bursts, we have computed power spec-
tra for light curve segments before, during, and after the flashes.
Figure 4 shows one example for the disappearance of mHz QPOs
after the onset of the first Type I X-ray burst in the first observation.
Following the same normalization as above, the ∼ 7mHz periodic
signal in the Lomb-Scargle periodograms, indicated by a vertically
dashed line, drastically decreases in strength during the burst and
becomes undetectable in the noise afterward, which implies the
cessation of mHz QPOs.
We used the above two 4,000 s segments labeled with num-
bers in Figure 1, in which the detected oscillations have relatively
stable frequencies and last for longer duration, to study the energy
dependence on the oscillation amplitude. The events from the two
segments were divided into 9 energy bands, from 0.7 to 10 keV, with
roughly identical counts. We folded the events in 16 bins for each
energy band, with their corresponding peak frequencies from Fig-
ure 2, to produce oscillation profiles and derived the fractional RMS
amplitudes for the two segments. The amplitude increases towards
lower energy (. 3 keV) in both segments whereas the tendency of
high energy part cannot be well resolved (Figure 5).
We also compared the observed oscillation profile from the
first segment in Figure 1 with a simulation result of mHz QPOs
from Heger et al. (2007). We recomputed the phase-folded QPOs
profile of the combination of all energy (0.7 to 10 keV) in 16 bins for
the segment and plotted referenced to the left y-axis (Figure 6). For
comparison, we phase-folded ≈ 4,000 s of simulation light curve
data with an oscillation frequency of ≈ 5.37mHz (local frame) and
took the average luminosity for each bin (right axis). The luminosity
is corrected by the assumed surface red shift, i.e., L∞ = L/(1 + z),
where 1 + z = 1/
√
1 − 2GM/c2R ≈ 1.26 for 1.4M and 11.2 km
radius neutron star, and then offset by a persistent luminosity ≈
1.93 × 1038 erg s−1 for 0.96 ÛMEdd local accretion rate with a 0.759
hydrogen mass fraction. For clarity, both y-axes offsets and scaling
are adjusted arbitrarily for matching. Both asymmetric shapes of
the oscillations show a steeper rise than decay. The fractional RMS
amplitudes of the observed and the simulated are ≈ 5.3% and
0.65%, respectively. This discrepancy is discussed in the following
section.
4 DISCUSSION AND CONCLUSION
1RXS J180408.9−342058 is the ninth source showing mHz
QPOs from the NS LMXBs, along with 4U 1636−536 ,
4U 1608−52 and Aql X-1 (Revnivtsev et al. 2001), 4U 1323−619
(Strohmayer & Smith 2011), IGR J17480−2446 (Linares et al.
2012), IGR J00291+5934 (Ferrigno et al. 2017), GS 1826−238
(Strohmayer et al. 2018) and EXO 0748−676 (Mancuso et al. 2019).
Except IGR J00291+5934 (Ferrigno et al. 2017), the presence of
Type I bursts shows direct evidence to support themHzQPOs being
as a result of marginally stable burning. Ferrigno et al. (2017) re-
ported that themHz signal found in IGR J00291+5934 may be trig-
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Table 1. Key figures and properties of mHz QPOs from different sources.
Source Accretion luminosity(1037 erg s−1)
QPOs frequency
(mHz)
R.M.S
(%)
QPO Disappear
after burstsa References
4U 1636−536 [0.6–3.5](2−150 keV) 7–14.3 [0.7–1.9](0.2−5 keV) Y(D) Revnivtsev et al. (2001)Altamirano et al. (2008)
4U 1608−52
Aql X−1
[∼ 0.5–1.5](3−20 keV)
−
∼ 7–9
∼ 6–7
[1.0–2.1](2−5 keV)
−
Y
− Revnivtsev et al. (2001)
4U 1323−619 0.06(3−25 keV)b 8.1 6.4(3−20 keV) Y Strohmayer & Smith (2011)
IGR J17480−2446 [9–12](2−50 keV) 2.8–4.2 [1.3–2.2](2−60 keV) ? Linares et al. (2012)
GS 1826−238 ∼ 2(0.6−9 keV) ∼ 8 [0.60–0.95](0.4−7.5 keV) − Strohmayer et al. (2018)
EXO 0748−676 [∼ 0.25–0.75](3−50 keV) ∼5–13 ∼ 4(2−5 keV) Y(D) Mancuso et al. (2019)
1RXS J180408.9−342058 0.68(0.45−50 keV)c ∼ 5–8 5.3(0.7−10 keV) Y This work
a D =Frequency of the oscillations systematically drops before being undetectable in some cases. Indeterminate for IGR J17480-2446 as bursts and QPOs
appear in separate observations.
b Persistent flux obtained from Galloway et al. (2020), assuming the source distance to be 4.2 kpc (Gambino et al. 2016).
c Persistent luminosity estimated by Ludlam et al. (2016) with the assumed source distance = 5.8 kpc.
Figure 3.Dynamical power spectra showing the evolution of themHzQPOs
for all burst-free segments from the first observation using Lomb-Scargle
periodograms with the normalization of (Press et al. 2007), 2,000 s sliding
windows, and 20 s steps. The end of each PDS is within a step of the onset
of a burst. For clarity, we plot only power ≥ 25 to filter out noise. The x-axis
shows the start time of the current 2,000 s spectrum from the beginning of
each segment. The common color bar shown on the right hand side represents
the signal power for all panels.
gered by the so-called "heartbeat model" (Altamirano et al. 2011)
which is associated with the movement of the inner accretion disk.
The correlated increases in the blackbody radius and the normal-
ization of the Comptonization component, along with QPO flux in
their QPO phase-resolved spectrum analysis support this attribu-
tion. Moreover, the lack of Type I X-ray bursts during when the
QPOs occur, and the very high RMS amplitude of QPOs (≥ 30%)
also contra-indicate thermonuclear burning. We summarized the
key figures and properties of the marginally stable nuclear burning
from the eight sources, excluding IGR J00291+5934, in Table 1. It
includes the accretion luminosity for the occurrence of mHz QPOs,
the discovered frequency range and fractional RMS amplitude of
the oscillations, as well as whether the signal disappears after bursts.
In the first XMM-Newton observation of
1RXS J180408.9−342058, when the mHz QPOs were present,
the source was in a very hard state (photon index . 1.4) at
persistent luminosity = 6.8 × 1036 erg s−1 (Ludlam et al. 2016).
The source had transited to hard/island state, accompanied with
≈ 2.5 times increase in its persistent luminosity, nearly a month
later, captured in the second XMM-Newton observation. With
this moderate change of accretion rate, the mHz oscillations
became undetectable, along with the power-law noise in the low
frequency range. In contrast, in the previous detections of mHz
QPOs, 4U 1636−536, IGR J17480−2446, GS 1826−238, and
EXO 0748−676 were reported to be in a relatively soft state,
unlike 1RXS J180408.9−342058. Our result may imply that the
occurrence of the marginally stable burning is not limited by the
position of the source state.
The disappearance of QPOs with the onset of Type I X-ray
bursts was reported in the sources 4U 1608-52 (Revnivtsev et al.
2001), 4U 1323−619 (Strohmayer & Smith 2011), 4U 1636−536
(Altamirano et al. 2008; Lyu et al. 2016), and EXO 0748−676
(Mancuso et al. 2019). For the latter two sources, it was also reported
that the frequency of the oscillations has systematically dropped
before it is undetectable. We found in 1RXS J180408.9−342058
that the strength of the signals drops when approaching a burst, and
then disappears afterward, though no obvious decreasing trend on
the signal frequency prior to bursts was found.
On the other hand, Linares et al. (2012) showed that mHz
QPOs appear through a smooth evolution of burning regime in the
slowest spinning neutron star, IGR J17480−2446. In that source, the
burst rate increases along with the accretion rate until a transitional
phase, where bursts disappearwith the onset of periodic oscillations,
and vice versa when the accretion rate declines leading to the drop
of burst rate. Furthermore, the accretion luminosity at which the
MNRAS 000, 1–6 (2020)
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Figure 4. Three pairs of light curve and the corresponding power spectrum
for selected time ranges. The left panel, from top to bottom, shows three
1,400 s windows in dark color before, during and after the first observed
Type I X-ray burst from the first observation, respectively. A strong peak
stands out at ∼ 7mHz before the flash. Its power drops remarkably during
the burst and being undetectable afterward.
mHz QPOs were observed is ∼ 1038 erg s−1, which is closer to the
theoretical value (∼ ÛMEdd by, e.g., Bildsten 1998) compared to the
reported range of luminosity ∼ 1036–1037 erg s−1 in other sources.
Moreover, the presence of bursts and mHz QPOs are in separate
observations with distinct luminosities, unlike in the more rapidly-
spinning sources, where the bursts and oscillations occur within the
same observations.
Independent of the variations in mHz QPO properties, such as
the accretion rate for the oscillations to exist as well as whether they
disappear after bursts (refer to Table 1), remains some uncertainties
as to whether the involved nuclear processes in different sources
are the same. In fact, the actual nuclear burning depends on various
conditions such as fuel compositions, crustal heating, and neutron
star rotation rate, etc. Strohmayer et al. (2018) pointed out that
fast rotating NS has a significant difference of surface gravity from
the pole and equator. For example, the 582Hz rotating NS in the
LMXB 4U 1636−536 has surface gravity at the pole ≈ 11% higher
than at the equator. This variation may lead to different burning
regimes across the entire NS surface as they are sensitive to the
surface gravity (Heger et al. 2007). Besides, Galloway et al. (2018)
provided additional evidence in support of the influence of NS spin
on the burning regime. They found that the regime of maximum
burst rate is at a lower accretion rate if the NS has a higher spin
rate. Once the burst rate reaches a maximum, it starts to decrease
with further increases of accretion rate, supposedly because of the
enhanced stabilization of nuclear burning (van Paradijs et al. 1988).
Thus, the occurrence of mHz QPOs, triggered by marginally stable
burning, shifts to a lower accretion rate for a NS with faster rotation.
Interestingly, IGR J17480−2446, with only a 11Hz spin rate, is the
slowest rotating NS in LMXBs, and also where the observational
properties of the mHz QPOs match better with the 1D simulation
results, in terms of the accretion rate for the occurrence of the
marginally stable burning. Therefore, we also speculate that the spin
rate may play a predominant factor to the mentioned discrepancies
between the observed mHz QPOs and theory.
In Figure 6 we compare the QPO shapes between the ob-
served (4,000 s interval from the first segment) and the simulation
result from Heger et al. (2007). Both results show asymmetric os-
Figure 5. Fractional RMS amplitudes of mHz QPOs over energy bands
from 0.7 to 10 keV. We divided the events from the first (blue circle) and
the second (orange square) 4,000 s continuous intervals in Figure 1 into
9 energy bands and folded them with their corresponding frequency (see
Figure 2). Results from the two intervals show increases towards lower
energy (. 3 keV).
cillation profiles with a steeper rise than decay. We speculate that
the shape of the oscillations is mainly dependent on the burning
fuel compositions. On the other hand, their fractional RMS ampli-
tudes are distinctly different, ≈ 5.3% from the observed whereas
≈ 0.65% from the simulation. For gravitational energy released
from accretion ≈ 200MeV comparing to the energy released from
thermonuclear fusion ≈ 5MeV per nucleon, we would expect a
maximum theoretical oscillation amplitude of 5/200 = 2.5%; in
the simulations (Heger et al. 2007), however, the maximum oscil-
lation amplitude is only half as big but non-sinusoidal, implying
an upper limit for a nuclear-powered oscillation amplitude of only
∼ 1.5%. This reduction is due to the partial energy contribution
to the steady state burning. Hence thermonuclear burning by itself
seemingly cannot be responsible for such a large oscillation ampli-
tude. More comprehensive simulation studies, taking into account
the full geometrical and general relativistic effects, are required to
confirm this deficiency.
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Figure 6. A comparison between the mHz QPOs profiles of
1RXS J180408.9−342058 and simulated signals. Events from the first
4,000 s interval in Figure 1 were folded with a frequency ∼ 6.47mHz found
in Figure 2. A ∼ 4,000 s light curve is extracted from simulation (Heger
et al. 2007) and folded with a local oscillation frequency ≈ 5.37mHz. The
average luminosity from the folded light curve is corrected by surface red
shift, and offset by a persistent value (plotted referenced to the right axis).
Both y-axes offsets and scaling are adjusted arbitrarily for matching. Results
from the observed and simulation similarly show a shape with a steep rise
and shallower decline, while the oscillation amplitudes are notably different.
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